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EXPERIMENTAT, INVESTIGATION COF FLOW IN AN ANNULAR CASCADE
OF TURBINE NOZZLE BLADES OF CONSTANT DISCHARGE ANGLE
By Milton G. Kofskey, Harold E. Rohlik, and

Daniel E. Monroe

SIMMARY

An investigation of the three-dimensional flow immedistely down-
stream of an anmuler cascade of nozzle blades was made to chbtain a good
pPhysical picture of the flow at blade-hub discharge Mech numbers of
1.18, 1.31, and 1.41. The blades were designed for axisl entry and a
constant discharge angle of 59° 45! from axisal.

The energy loss core at the blade tip was found to decrease in size
with increasing Msch number and did not seem to affect apprecisbly the
genersl pattern of angle distribution. The loss core at the blade hub,
however, lncreased in size with increasing Mach number, and at the
higher Mach numbers the center of the loss core was found to be in the
region of large discharge angle gradients In the blade wake.

Losses near the bub showed & considersble incresse with increasing
Mach number, while losses near the tip showed a slight decrease. Over-
a1l mass-averaged blade efficiencies were found to be 0.983, 0.980, and
0.978 for hub Mach numbers of 1.18, 1.31, and 1.41, respectively.

The trend in asngle varlation across a flow passage was toward a
lower discharge fiow angle along the pressure side of the wake as Mach
nunmber was increased. This was true particularly near the high-loss
region et the hub, where steep locel angle gradients were obtained at
the highest Mach number run.

INTRODUCTION

The design of turbine blades has largely been limited to the appli-~
cation of modified two-dimensional flow theory. The complex internal
aerodynemics actually encountered in a turbine, however, have not been
extensively investigated because satisfactory performance has generally
been obtained through the use of the two-dimensional design methods,
although these methods do not account for a large percentage of the
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losses obtained in actual turbine operation. As gas velocities through
turbines are increased to obtain the increased power and mass flow, the
ef'fects of radisl gradients in pressure, velccity, and circulation at
transonic conditions become incressingly importent. If increases in
efficiency, work per stage, and mess flow per unit frontal ares are to
be realized, an understanding of the problems introduced by three-
dimensional flow must be cbtained.

In order to obtain a better understanding of the effects of radial
gradients in the flow, an investigation is being made of the flow
immediately downstream of an annular cascade of turbine nozzle blades
with such flow conditions. Detalled data on the three-dimensional flow
immediately downstream of a set of nozzles have been obtained at the
NACA Lewls laboratory at circumferentislly averaged hub discharge Mach
numbers of 1.18, 1.31, and 1.41. Particular emphasis was placed on the
nature of the cores of high energy losses occurring along the inner and
outer shrouds.

The purpose of this report is to present a preliminary analysis of
the nozzle total-pressure loss and discharge flow angle as they exist
under conditions of exit angle of 59° 45' and Mach numbers as high
as 1.4,

APPARATUS

Test unit. - A schemsatic view of the test unit used in this investi-

gation is shown in figure 1. A filter was installed in a large depres-
sion tank (not shown in fig. 1) upstream of the test section to prevent
damage and clogging of the delicate instruments by dirt particles fram
the air supply. The filter consisted of two layers of filter paper
separated by two layers of l/é-inch felt with both supported by wire
mesh screening. A second depression tank downstream of the first tank
(fig. 1) is located approximstely 6 blade-tip diameters upstream of

the nozzle blades. A long-radius calibrated nozzle was installed in the
depression tank to measure the weight flow and to provide smooth entry
into the duct leading to the nozzle blades in the test section. A fine
mesh screen was elsc installed in the tank to give a uniform inlet
velocity distribution. The air discharged from the nozzle blades into
an snnular duct having six straightening vanes located approximately

3 tip diameters downstream of the nozzle blades. The straightening
venes served to turn the flow to the axlisl direction and thus eliminated
the possibility of reverse flow at the hub back toward the nozzle blades.

The cember of the straightening vanes was considerably modified to
investigate whether the straightening vanes had any effect on the dis-
charge flow from the nozzle blades. BSurveys at the nozzle discharge
indicated that the flow was insensitive to large changes in the
straightening vane configuration.
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Nozzle blades. - The nozzle blades used in the investigation were
designed for a constaent discharge angle of 59° 45' from axial and for an
equivalent weight flow of approximgtely 15.3 pounds of air per second.

The 48 blades of the turbine nozzle cascade (figs. 2 and 3) have a
hub-to-tip radius ratio of 0.730, with a tip dlameter of 16.25 inches.
The blades have a solidity of 1.505 at the hub and 1.484 gt the tip.
The blade chord and trailing-edge thickness vary fram respective values
of 1.579 and 0.040 inch at the tip to 1.170 and 0.026 inch at the hub.

INSTRUMENTATION

The cascade was instrumented to determine the total and static
pressures at the inlet measuring station located 0.5 inch upstream of
the tip section of the blaedes (fig. 3) end total pressures, wall static
pressures, &nd flow angles at the discharge measuring station (fig. 3)
located 0.159 inch downstream of the trailing edge of the nozzle blade
tip. The instruments used to obtain the detalled surveys of the gas
state at the inlet and discharge are shown in figure 4.

Total-pressure measurements. - Two types of total-pressure probe
were used to measure total pressure in the blade passage; one type was
designed specifically for measurements in the boundsxry lgyer, whereas
the other probe was designed for free-stream messurements.

The pressure measuring head of the boundary-layer probe (fig. 4(a))
consists of 0.015-inch outside diameter tubing. The tip was flattened
to approximately 0.003-inch inside minor axis length to obtain closer
approximetions of point values in the regions of high radisl pressure
gradients.

The three-dimensional total-pressure probe (fig. 4(b)) was designed
to measure the totael pressure outside the boundary layer for radisl flow
engles within the limits of approximately +12°. The probe consists of
five 0.015-inch outside diameter tubes projecting 0.120 inch from the
probe exis. The tubes are set at angles of 3°, 6°, -3°, -6°, and O°
from a plane normal to the axis of the probe and with the measuring ends
of the tubes in this plane.

A shielded total-pressure probe was used to measure the reference
total pressure at the inlet to the blades.

Static-pressure measurements. - Wall static taps of 0.015-inch
diameter are located at both the hub and tip in the inlet and discharge
measuring plsnes. AL the inlet measuring plane, one static tap each at
the hub and tip is located et the circumferential position used for
inlet radial surveys.
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Angle measurements. - A double-wlre hot-wire anemometer probe
(fig. 4(c)) was used to measure the discharge flow angles. The instru-
ment consists of a pair of vertical parsllel wires, supported by two
prongs and mounted under tension. The center line between the two wires
lies on the axls of the probe. FEach of the wires has a diameter of
0.0009 inch and a length of approximstely 0.045 inch. The distance
between wire centers is 0.005 inch. The prongs are Inconel; the wires
are 80 percent platinum and 20 percent iridium. Details of the prongs
and the general construction of the hot-wire probes is discussed in
reference 1. The gpplication of hot-wire anemometer probes for the
megsurement of discharge flow angles at the hub Mach numbers reported
in this Investigation is discussed in the appendix.

Repeatability. - Discharge total pressures in the free-stream,
wakes, and boundary layers could be repeated within +0.05 inch of mercury
during any time interval. Although the total pressure was found to
fluctuate to a greater extent in the wakes and boundasry leyer than in
the free stream, the reproducibility of +0.05 inch was maintained by
observing the data when the reference static pressure was at the desired
set value., Wall static pressures could also be repeated within +0.03
inch of mercury over any extended time interval. The flow angles at all
three hub Mach numbers could be repeated within +0.5°.

PROCEDURE

Surveys of total and static pressures were made at the inlet meas-
uring station and surveys of total pressures snd flow angles were made
at the discharge measuring station (fig. 3). Surveys were taken at each
of three hub discharge Maech numbers of 1.18, 1.31, and 1.41l. The refer-
ence inlet total pressure was held constant at 26.38 inches of mercury
absolute and the inlet total temperature was mainteined at 553° R for
all surveys.

Inlet surveys. - Radlal surveys of total pressure and static pres-
sure were made at only one circumferential location at the inlet, since
preliminary surveys indicated little measurable circumferential variation
in-elther total or static pressures. One static tap each on the hub and
tip furnished the static-pressiire values for the end points. Preliminary
angle surveys indicated little veriation from the axial direction over
the blade passage and the inlet velocity distribution was therefore satis-
factory for the investigation.

Discharge surveys. - At the discharge measuring station, radial
surveys of free-stream total pressure and angle were made 1n radial
increments of 0.2 inch at seven circumferential positions spaced to cover
a complete blade passage (fig. 5). Radial survey points, using the
boundary-layer probe, were taken 0.004 inch apert where high gradients
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of total pressure existed in the boundary layer. The accurate location
of these severe gradients as well as the delicate structure of the
boundary-layer probes required the scheme of using a low voltage electric
circuit which indicated by a light when contact of the measuring probe
with the hub was made. Because of the circumferentisl total-pressure
gradients in the blade wake regions, circumferential surveys of total
pressure were made to supplement the radial surveys (fig. 5). The
spacing of the circumferential surveys was made according to the magni-
tude of the pressure gradients.

Free-stream total pressures were measured with the five-tube total-
pressure probe (fig. 4(b)). Each of the five tubes was rotated into
the main stream for maximum reading and the maximum total-pressure
reading obtained from the readings of all five tubes was taken as the
total-pressure value for the survey point. )

Wall static-pressure values for the nozzle discherge were obtained
from the static taps located in the discharge measuring plane at each
of the seven circumferentlal positions relative to the blade passages
corresponding to the circumferential positions used for the radiel sur-
veys. Static pressure was assumed to vary linearly from the hub to the
tip at each circumferential position for purposes of velocity calcula-
tions.

As the static pressure was used for mass averagling and the passage
was choked for all three pressure ratios, any small difference between the
true static and assumed statlc pressures would have little effect on the
mass flow.

RESULTS

The results are presented in terms of inlelt pressure surveys and
discharge surveys of pressure and turning angle. The effects of varia-
tion in turning angle on the turbine rotor angle of attack are slso
included.

Inlet pressure surveys. -~ The results of surveys teken at the inlet
measuring station for the hub Mach number (adjacent to the boundary
layer) of 1l.41 are shown in figure 6. A constant total pressure was
obtained over most of the flow passage and the measurable losses occurred
at both the blade tip and hub because of the wall boundsry layers. The
cambination of almost constent inlet total pressure, static pressure,
and flow angle produced a velocity distribution which was considered
satisfactory. Since the flow was choked for 211 three pressure ratios,
results obtained for the other hub Mach numbers were similar and are
therefore not inecluded.
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Discharge surveys. - At the measuring station, hub Mach numbers .
(adjacent to the boundary layer) were 1.18, 1.31l, and 1l.41 at the pres-
sure ratios tested, and 0.86, 1.06, and 1.10, respectively, near the
tip. Results of the total-pressure surveys and static-pressure-tap
data are presented in figure 7 as contours of energy loss where this
loss is defined as follows:

r-1 r-1
2 <P2> - (PZ ! g
Vg P2 P
L = 1 = =1 = = ™
088 n Viz -1

where . - e
n local blade efficiency, Vaz/Vi2

Vg actual velocity

Vi ideal velocity as determined by reference inlet total and local
discharge statlc pressures

P1 reference inlet total pressure .
Ps discharge total pressure

Po discharge static pressure

T ratio of specific heats, taken as 1.40

The loss, then, depends on point values of static and total pres-
sures at the exit of the blade row.

Total pressure was almost constant over most of the flow passage at
the value of the reference inlet total pressure. Losses occurred in the
end-wall boundery layers, blade wekes, and at the Junctions thereof,
where cores of loss were clearly defined at all pressure ratios tested.
Losses in the blade wakes were small compared with those measured in the
loss cores and shroud houndary lsyers.

Results of pressure surveys show a slight decrease In maximum loss
in the core at the outer shroud with an Increase in Mach number. This -
maximum loss wae 0.34 at the lowest Mach number run, 0.32 at the inter-
mediate run, and 0.28 at the highest Mach number run. In the inner
shroud core the trend was reversed and the corresponding losses were
0.21, 0.41, and 0.67. Core loss areas showed similar trends. The net
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over-all effect waes an increase in mesn loss with Mach number, with a
shift of the major loss region from the outer to the inner portion of
the passage. Changes in the loss picture with Mach number at any radial
position are shown in figure 8, where circumferentially mass-averaged
loss values are plotted against radius for the three Mach numbers tested.

Date teken in the investigation described in this report were also
used to obtain blade efficiencies for the three Mach numbers tested.
Mass averaged blaede efficiencies for the three Mach numbers were 0.983,
0.980, and 0.978 in order of increasing Mach number. These values, how-
ever, are all slightly high by approximately 0.002 as the Iinlet velocity
was neglected in the mass averaged efficiency equation. Although the
mass averaged blade efficlencies are high and apparently satlisfactory,
they are not & good index of blade performance. The greatest accumula-
tion of losses is at the Junciion of the blade and the hub, where veloc-
ities and velocity gradients are grestest, thereby making the flow
highly unstable and inducing additional viscous losses and lerge angle
gradients.

The velocity coefficlents which ere the square root of the blede
efficiencies were 0.992, 0.980, and 0.989 in order of increasing Mach
nmumber.

Results of discharge angle surveys are shown in figure 9 as contours
of discharge flow angle. Angle gradients shown here become larger with
increasing Mach nunber, particulerly near the hub. At a radial distaence
of 0.10 inch from the hub the variation in discharge angle across a
passage increased from 2.4° to 8.5° to 25.0° as hub Mach nunber was
increased from 1.18 to 1.31 to 1.41. These variastions were serious only
near the hub, however, and at the blade midspan the variation across a
passage changed little with Mach number. At the two higher Mach number
runs the gradients were most severe in the blade wake neer the hub and
in the corner of the passage bounded by the pressure side of the wake and
the hub.

Effects of the angle variations were determined by caleulating rotor
blade angles of attack at three radial positions for the highest Mach
number run, where angle variastions were greatest. For these calculations,
an equivalent wheel speed of 8650 revolutions per minute was assumed.
Discharge flow angle varistions of 25.0°, 5.2°, and 5.3° at radisl posi-
tions of 0.10 inch, 1.10 inches, and 2.10 inches, respectively, led to
local variations in rotor blade angle of attack of 31.00, 7.2°, and 7.2°.
Variations in flow angle, then, may result in additional losses in the
rotor because of the variation in angle of attack.

Weight flow. - Observed weight flow varied less than 1 percent with
Mach number in the range investigated. Values used for compariseon were
averages of several measurements made gt each Mach number. These measure-
ments were made at intervals as pressure and angle surveys were being
made.
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DISCUSSION
Secondary Flow

Viscous losses occurring in the blade row appear at the measuring
plene as loss cores and shroud boundary layers of varying thickness.
The losses assume this distribution because of secondary flows Induced
in the passages by circumferential and radisl gredients in pressure.

In references 2 and 3, discussions of secondery flows in cascades
of ailrfoils are presented in detaill. Briefly, the nature of the flows
discussed is as follows:

In a curved channel there must be a pressure gradient to balance
the centrifugal force on particles of s fluid moving through the channel.
This pressure gradient exists In a cascade where the surfaces of two
adjacent blades define a curved channel. In the channel-end-wall
boundary layers the fluld has a lower velocity end requires & smaller
pressure gradient to balance the centrifugal force. Consequently, since
the free-stream pressure gradient exists almost unchanged in the boundary
layers, a deflection of the flow toward the suction side of the passage
is induced, as shown in figure 10 (with viscoesity reducing circulatory
flow back to pressure side).

As a result of thils motion, the end-wall boundary lsyers become
thinner at the pressure surface and thicker at the suction surface where
a tendency toward the formation of cores of low momentum fluid occurs
and where a tendency for flow separation 1s greatest. The secondary
flows in the boundary lsyers also result in slight underturning near the
boundary-layer interface and overturning of the air across the boundary
layer as the end walls are approached,

The radial pressure gradient induces similar secondary flow in the
blade boundery layers and wakes of the blades investigated, resulting in
a slight redial flow toward the hub. This flow appears to be of lesser
magnitude than that in the shroud boundary 1ayers and results 1n a thin-
ning of the blade wake near the tip.

Total-pressure surveys made in this investigation show the shroud
boundary layers to be thinnest on the pressure side of the wake and
thicker toward the suction surface, with cores of low momentum fluld on
the suction side of the blade ends.

Angle messurements were not mede within 0.10 inch of the walls
because of the dimensions of the hot-wire probe and the insensitivity
of the wire in regions of large radial gradients in angle. The total-
pressure probe used in the boundary layers, however, indicated a sharp
increase in turning angle as 1t was moved through the boundary layers
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toward the walls. This increase was observed while the probe was rotated
to obtain & maximm pressure reading. The change with radius in angular
position of the probe at the meximm pressure reading appeared to be
about 20° at same circumferential positions.

The shape of the discharge boundary layers, the presence of the
loss cores; and the increase in turning angle in the boundary layers
substantiate previous observations of secondary flows as described in
referenceg 2 and 3.

Loss Trends

Figures 7 and 8 show a shift of the major loss region from the
outer part of the passage to the inner with increasing Mach number.
This shift was accompanied by an over-all increase in mean loss with
Mach number, and an actual decreasse in mean loss in the outer part of
the passage. The great increasse in loss near the hub could be expected
because of the higher wvelocities there, where the likelihood of shocks
and flow separation from the blade surfaces is mich grester. Since the
decrease in mean loss near the tip was the result of a slight decrease
in total-pressure loss as well as the decrease in static pressure, an
inward radial flow of low momentum fiuid upstream of the measuring plane
is indicated. Such a flow would take place in the blade boundary layers
and wakes, where velocities are low and the radial pressure gradient is
not balanced by the centrifugael force of high-tangential-velocity fluid.

Discharge Angle Distribution

In figure 11 the circumferential average of discharge flow angle is
plotted against radius for each of the Mach numbers tested. At each of
the Msch numbers, the average angle was constant over most of the pas-
sage with a decrease near the hub. This decrease near the hub became
more pronounced as Msch pnumber was increased. The accumulation of low
velocity fluid near the hub effectively blocked the flow and induced
high axial velocities in the immediate vicinity. This effect is dis-
cussed more fully in reference 4. The result was a great circumferential
variation in angle with a net decrease from the rest of the passage.

The results of the surveys described indicete some of the gradients
encountered by a turbine rotor operating behind a cascade of blades
having a constant discharge angle in the Mach number range tested, and the
effect of Mach number on blade efficiency. The dependence of angle and
velocity gradlents on the development of losses shows the need for con-
trolling both the increase in loss with Mach number and the accumulation
of low mamentum fluid near the hub.
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SUMMARY OF RESULTS

The following results were cbtained in an investigation of an
annular cascade of turbine nozzle blades designed for axial entry and
e constant discharge angle of 53° 45' and tested at hub Mach numbers
of 1.18, 1,31, and 1.41:

l. Cores of energy loss were clearly defined at the Junctions of
blade wakes and end-wall boundary layers at all Mach numbers tested.

2. Over-gll integrated blade efficlency decreased with increasing
Mach number, Although high efficiencies of 0.983, 0.980, and 0.978 were
obtained for the three increasing Mech numbers, they are not a good
index of blade performaence. High loss cores occurring along the suction
side of the blade, where diffusion is greatest and the flow is highly
unstable, may result in flow separation or shock losses.

3. In the inner half of the passages surveyed, losses increased
with increasing Mach number, whereas in the outer half the losses
decreased.

4. The range of angle variation across a passage ocutside the wall
boundary layers increamsed with Mach number, particularly near the hub,
with lowest angles occurring along the pressure side of the wake. At a
redial distance of 0.10 inch from the hub, circumferential variations
in angle were 2.4°, 8.5% and 25.0° at hub Mach numbers of 1.18, 1.31,
and 1.41, respectively. The largest gradients involved In these angle
variations existed in the regions of high loss. In the central portion
of the blade passages, changes in the variatlon with Mach number were
small.

5. The presence of the loss cores, the shape of the boundary layers,
and the angles cobserved in the end-wall boundary layers are evidences
of the existence of secondary flows which have been previously ocbserved
in other investigations. The secondary flows not only increase the
energy loss by introducing rotation but pile up low momentum air along
the suction side of the blade which mey result in either flow separation
or shock losses or both with the introduction of any slight disturbance.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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APPENDIX

APPLICATION COF HOT-WIRE ANEMOMETER FPROBE

The hot-wire probe for messuring flow angles consists of two plati-
num and iridivm slloy wires mounted In spatial and electricsl parallelism.
The wires are supported with their lengths perpendicular to the air
stream and are mounted parallel to the axis of the probe and rotation.

The alinement of the wires with the air stream is detected electrically
by observing the maximm in potential drop when the downstream wire tem-
perature reaches g peak as a result of receiving heat by convection
through the wake fram the upstresm wilre.

The electrical equipment used for the discharge flow angle investi-
gatlion with the hot-wire anemometer probe consisted essentielly of a
Wheatstone bridge, a direct current power supply with which the current
could be easily adjusted over & continuous range, a voltage amplifier,
and a voltmeter for indication of the bridge output voltage. A probe
actuator with appropriate switching arrangement was used to control the
angular orientation of the hot-wire array with the air flow. The cir-
cult employed in cobtaeining angle data, as well as the theory and pro-
cedure, is discussed in reference 1.

A compromise among wire sensitivity, effects of radial angle
gradients, and wire life determined the size of the wires used for the
investigation. A satisfactory wire life in the filtered air supply
limited the wire diemeter to & minimm of 0.0009 inch. The wire opera-
ting temperature of approximetely 250° C and wire spacing of 0.005 inch
gave good sensitivity. The wire length was kept small (0.040 in.) to
reduce the effects of radial asngle gradients. The extremely small wire
diameter as compared with wire length resulted in a2 large wire length
to diameter ratio and helped to increase the angle sensitivity arnd to
minimize the probe effects on the wire operation.

Wire damaege from collision by dirt particles in the air supply
either made the probe inoperative or changed the originsl wire orienta-
tion, thereby chaenging the reference angle calibration. Frequent check-
ing of a previous dsta point was therefore essential to prevent data
errors resulting from change in wire orientation due to wire damage.

When the palr of heated wires was alined with the sir stream, visual
notation of the reversals of the change of bridge output voltage was
found necessary. Several reversagls were usually made to obtain an
accurate angle value. The variation in a set of readings was on the
order of +0.5° for most series.
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The reproducibility of the averages varied both with Mach number
and flow conditions in the vicinity of the survey point. In the free-
stream portions of the passage, the average flow angles could be
repeated within +0.5° at the three hub Mach numbers investigated.

In the regions of high pressure loss, more difficulty was encountered
iIn finding a definite voltage reversal, and s larger variation in the
angle orientation of the wire array was obtalned before any noticesable
changes in voltage were noticed. This decrease in sensitivity was greater
in the total-pressure loss core. The angle data presented in these
regiocns therefore represent the midpoints of plsteaus of uniform voltage
drop across the wire instead of peak voltage. The plateaus are prcbably
due to turbulence or different steady flow conditions over various por-
tions of the wire. In the severe cases, the plateaus were as much as
40° wide indicating reglone of high vorticity. )

Some angle dats were cbitained for redial positions within 0.1 inch
of the hub, but these dats were not of the desired accuracy and the
results were therefore not included herein. The verticel parallel pair
of wires, as used for this investigatlon, 18 not suiteble for boundary-
layer measurements because large radial angle gradients exist and the wire
length limits the minimm radisl distance between the survey point and the
hub to approximastely 0.035 inch.
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